Despite great success in the TFA methods of depositing YBa 2 Cu 3 O x (YBCO) thin films for coated conductors, critical issues involved in removing BaCO 3 have not entirely been settled. There could be other possible ways of dealing with carbon that remains in the film. We have recently developed a fluorine-free sol-gel synthesis with several important advantages including precursor solution stability, improved film density, and elimination of HF during processing. With this approach, high-quality YBCO films have been developed on single crystal substrates with the transport J c s up to 10 6 A cm −2 . In this study, the precursor solution stoichiometry was altered and its effects on superconducting properties were studied. The fluorine-free sol-gel-derived films on the LaAlO 3 (LAO) substrate exhibited epitaxial growth with excellent in-and out-of-plane texture. Experimental details are reported on the sol-gel synthesis chemistry and XRD and TEM characterization of the YBCO thin films. Also discussed is the underlying formation mechanism of the YBCO phase during the synthesis.
Introduction
In the development of superconducting coated conductors, the major approaches include vapour deposition (in situ) Q. 1 and solution synthesis (ex situ). While vapour deposition Q. 2 has resulted in high-quality thin films on various substrates, the solution methods offer a convenient and economical way of industrial scaling-up processing. Although the ex situ approaches have been traditionally viewed as thick film processes with less control in the film qualities, the breakthroughs in BaF 2 processes, MOD-TFA, and MOCVD methods set outstanding examples for synthesizing superior films that are capable of carrying high transport currents [1] [2] [3] [4] [5] . The solution approach has been shown to be most promising for high-rate processing of ReBCO in practical applications. Q. 3 Usually ex situ routes involve two processing steps, whereby a precursor layer is first deposited either by ultrasonic spray pyrolysis, sol-gel spin, dip coating, or an ex situ BaF 2 process. The precursor layer is subsequently heat treated to convert to a crystallized ReBCO layer in order to obtain the desired biaxial textures. In the ex situ BaF 2 process, the precursor film is co-evaporated by e-beam from Y, Cu, and BaF 2 sources, followed by an ex situ heat treatment process under a controlled humidified atmosphere. The exact mechanism of the heat treatment process is still under investigation. Solovyov et al [6] proposed that the metaloxifluoride precursor decomposes as the temperature increases in the presence of H 2 O vapour while releasing HF. The decomposed precursor product is converted into the Y123 phase. Hence, it is important for the conversion process to go to a completion, which is generally a straightforward process for short samples. However, problems arise for longer samples where non-uniform YBCO conversion is reported [7] . This is thought to be due to the build-up of HF to a saturation level, leaving part of the precursor film unreacted. Recently, Lee et al [7] reported 90 A/cm-w, 1 m long with 0.82 µm YBCO Q. 4 film on RABiTS and Feenstra [8] reported 270 A/cm-w for 3 m long and 3 µm YBCO film on RABiTS.
In the early research of high temperature superconductivity, there were three commonly used solutions applied for the Q. 5 ReBCO deposition [9] [10] [11] [12] :
(1) sol-gel synthesis that used 2-methoxyethanol as a reactant and solvent; (2) hybrid processes in which acetylacetonates or diethanolamine were used to reduce alkoxide reactivity, and (3) metal organic decomposition (MOD) techniques that employed high molecular weight precursors such as waterinsensitive carboxylates and 2-ethyl-hexanoates.
However, by using these early approaches, the transport J c s were found to be limited in the ReBCO films. It was believed that the carbon-containing precursors might result in the formation of stable BaCO 3 at the grain boundaries [13] . In 1988, Gupta [4] reported a method using metal trifluoroacetate precursors, called the TFA method, to generate textured YBCO film on the crystal substrate. Mclntyre and Cima [5] further developed this method and high current densities were achieved in thin YBCO films. The use of TFA salts appears to avoid the formation of BaCO 3 because the stability of barium fluoride is believed to be greater than that of barium carbonate. Also, fluorine can be removed during the high-temperature anneal (>650
• C) in a humid, low oxygen partial pressure environment [14] . Currently, metal organic deposition using a trifluoroacetate salt (TFA-MOD) is a better known and well established solgel route attempted by several groups for coated conductor fabrication [1, 2] . Spin or dip coating is usually used to deposit the precursors that are then calcined under various O 2 partial pressures. High J c values ranging from 6.7 to 7.5 MA cm on IBAD-YSZ and on Hastelloy [15] have been reported.
Despite the great success in the TFA methods, synthesis issues are not entirely settled, especially for the problems of removing BaCO 3 and related mechanisms. For instance, the TFA approach is a by-pass to avoid the formation of BaCO 3 by using fluorine to substitute the carbon-containing precursors, whilst a problem is introduced with the use of fluorine as BaF 2 , which is difficult to decompose. Accordingly, the idea of reacting the BaF 2 with water used in the TFA and e-beam BaF 2 approaches suggests that carbon might be removed by a similar reaction as in the TFA route. In our recent studies, however, using a fluorine-free sol-gel approach involving trimethylacetate salts and proponic acid (TMAP) precursor solution, well textured, epitaxial YBCO thin films were synthesized [16] [17] [18] [19] . The transport critical current density was found to steadily increase as the microstructure was improved in the YBCO thin film prepared by the fluorinefree sol-gel TMAP method. Hence, a high transport J c was recently obtained of the order of 1 MA cm −2 at 77 K [18, 19] . For the fundamental understanding of the synthesis chemistry, it is of great interest to comparatively study the processing routes of both TFA and TMAP. In the past, the critical point in solution synthesis of YBCO film was focused on the removal of carbon. It was believed that carbon could be removed from the material at a low temperature (<400
• C) in the burn-out stage in wet oxygen, and fluorine could then be removed at a higher temperature (>700
• C) in a humid and low oxygen partial pressure environment [9] [10] [11] [12] . However, the results from the TMAP approach have indicated that the technique allows the use of a carbon-containing precursor film to be reacted at 700-800
• C to obtain high-J c films. This is achieved by specific processing conditions that allow for the complete removal of carbon. Therefore, in this study, we investigated the possibilities of decomposing BaCO 3 by reacting with water at high temperatures in low oxygen partial pressure. In this way, the YBCO phase could be formed simultaneously. This process can be viewed as a direct solution to the problem existing universally in the fluorine-free methods.
In this study, experiments on the precursor stoichiometry and optimization of processing parameters were carried out. We present the experimental results on the effects of precursor stoichiometry and heat treatment on texturing and the superconducting properties of YBCO thin films.
Experimental details
The non-fluorine-based sol-gel YBCO solutions were developed in-house. The procedure is shown schematically in figure 1. For the precursor solution, stoichiometric yttrium trimethylacetate, barium hydroxide, and copper trimethylacetate powders were dissolved in a mixed propionic acid/amine solvent with an oxide concentration between 0.1 and 0.5 mol l −1 . The addition of amine was important because it greatly improved the solubility of the precursor powders in propionic acid. The stock solution was stable in air with a shelf life longer than two years. Xylenes of alcohols were used for dilution and controlling solution viscosity at 10-100 cP. The films on LaAlO 3 (LAO) were deposited on (001) LAO single crystal substrates with dimensions 10 × 10 × 1 mm 3 by spin coating at 3000-3500 rpm and were baked on a hot plate at 200-250
• C for several minutes. Sample burn-out was performed in a quartz tube furnace. Humid furnace gas was generated and introduced by flowing the entrance gas though a large flask heated or cooled by a water bath. A programmed heating profile was used to burn out the gel film formed in the prior procedure. In this programme a slow ramp start at 190
• C was employed to avoid explosive reaction and rough surface. With a low ramp speed (<20
• C min −1 ) the precursor was found to oxidize too rapidly in oxygen. The use of a slow ramp suppresses the vigorous oxidation of copper organic compounds and forms a smooth surface of burn-out films. Most of the carbon hydrides were removed in this stage.
After spin coating, the films were first calcined at 400
• C in wet nitrogen with 2% oxygen for 3 h, then heat treated in a quartz furnace under humid nitrogen mixed with 200 ppm oxygen. The temperature was increased from room temperature to 780
• C at the rate of 20
• C min −1 , then to 800
• C at the rate of 3
• C min −1 , dwelling at 800
• C for 70 min. Ten minutes before the dwelling process, a dry atmosphere was used. Then the temperature was decreased to 450
• C at the rate of 2.5
• C min −1 . As the temperature was lowered to 525
• C, the atmosphere of 200 ppm oxygen was switched to pure oxygen, dwelling at 450
• C for 60 min. The samples were furnace-cooled to room temperature.
A Philip x-ray diffractometer with Cu Kα radiation was used to carry out the texture investigations. The x-ray wavelength was 1.54 Å with a beam size of 3 mm. Scanning electron microscopy (SEM) experiments were performed on a Hitachi 2000. Some specimens were also examined by scanning electron microscopy in a JEOL JSM 5400 microscope that was operated at 10 kV. No conductive coating was applied. The high-resolution TEM (HRTEM) experiments were performed on a JEOL 2010F TEM. Resistivity measurements were carried out down to liquid helium temperature using a standard four-probe method. The transport J c was determined with a voltage criterion of 10 µV cm −1 .
Results and discussion
YBCO sol-gel solutions with different stoichiometry (Y:Ba:Cu) were applied to LAO substrates via spin coating. Using wet chemistry we have measured the compositions of the solutions that are listed in table 1. As can be seen in this table, the solutions are altered from near-stoichiometry 1:2:3 (solution A, B, C) to off-stoichiometry 1.00:2.02:4.51 (solution D), and 1.00:4.17:7.02 (solution E). The Cu-rich compositions were investigated as the Cu organic salts were volatile during the baking and calcining processes. The high volatility of the copper organic could lead to Cu loss in the films [5, 6] , which was confirmed by DTA-TGA measurements and EDX analysis in our experiments.
Using the film syntheses and heat-treatment procedures described in the experimental details, we obtained x-ray diffraction (XRD) patters of these thin films on LAO substrate as shown in figure 2. As can be seen in figure 2 , all of the (00l) peaks of the YBCO films exhibit strong intensities, indicating a well-textured, c-axis oriented grain structure, especially for the films from solution B with a stoichiometry of 1.00:2.00:3. 19 .
The values of FWHM (full width at half maximum) of the (005) rocking curves are smaller than 1.5
• , demonstrating a high degree of c-axis orientation. The films from solution B have smaller FWHM values of about 0.5
• , as shown in figure 3 . The (103) phi scan of the films shows four-fold symmetry with FWHM of 0.6
• , indicating a good in-plane texture. In the (103) pole figures of the films (figure 4), only four small poles are located on the correct positions, confirming that the YBCO phase grows epitaxially on the LAO substrate.
The superconducting properties of the thin films resulting from above solutions were characterized by using resistivity measurements. The effect of precursor stoichiometry on the superconducting transitions and normal state resistivity can be seen from figure 5(a) . For the well-off-stoichiometry film (solution E), the normal state exhibits a semiconducting behaviour that is improved by tuning the Ba and Cu content in solution D. However, further tuning the stoichiometry in solutions A, B, and C has resulted in a sharp superconducting transition near 90 K. The resistivity measurement performed on another sample with solution B again shows a sharp transition at 90 K (see figure 5(b) ). As expected, the optimum stoichiometry lies within an exact precursor composition. In this study the films with a stoichiometry 1.00:2.00:3.19 (Y:Ba:Cu) may be optimal for a high degree of biaxial texture, microstructure, and superconducting properties. We chose this solution for the experiments in the processing parameter optimization. Figure 6 shows the SEM micrograph of the YBCO thin film (processed with solution B) surface morphology. This figure shows smooth c-axis oriented film (780
• C, 200 ppm).
Q.6
As can be seen in figure 6 , the surface of the film is quite dense, with few particles that have been identified as copper rich
by energy dispersive spectroscopy. Careful SEM examination showed no noticeable microcracks in the film, except a few voids that are common characteristics of sol-gel films. Epitaxial growth of YBCO thin films on LAO was expected due to the single crystal substrate. The transmission electron microscopy (TEM) study showed well-established epitaxial growth in fluorine-free sol-gel YBCO thin films on the LAO substrate. Figure 7(a) shows the TEM image of the cross sectional area of the thin film from solution B, indicating a smooth film surface and interface. The highresolution TEM image reveals a coherent interface structure, as shown in figure 7(b) . Based on the TEM data, the thickness of the epitaxial film was estimated to be 0.5 µm. In figure 8 the selected area electron diffraction (SAED) pattern shows a clear lattice-matching interface between the LAO substrate and the YBCO phase with LAO 001 YBCO 001 . However, in the Q.8 a-axis oriented film, the interface structure exhibits an entirely different feature, as can be seen in figure 9 . Figure 9 shows the initial epitaxial growth of both a-and c-axis oriented grains at the interface. This interface structure suggests that both orientations (a-and c-axis) could take place simultaneously directly from the LAO substrate.
Q.9
The transport critical current densities of these films have reached values of the order of 10 5 A cm −2 at 77 K [17] . The most recent studies by Xu et al have shown much higher J c s over 10 6 A cm −2 at 77 K by using a similar fluorinefree method [18, 19] . These results show that the fluorinefree method can serve as an effective alternative to the TFA approach. In the TFA approach, the issue of removing BaCO 3 is dealt with by introducing fluorine. However, BaF 2 is difficult to decompose during the synthesis. Furthermore, the fluorine- containing precursor is sensitive to water vapour, and the films tend to roughen when exposed to a humid environment at room temperature even for tens of seconds. This precursor instability introduces great variations in solution delivering, storing and handling.
According to the results shown in this study, there are possibilities of decomposing BaCO 3 by reacting with water at high temperatures in low oxygen partial pressure. One of the possibilities is the reaction during slow heating in a humid furnace:
This reaction has been confirmed in a recent study by Xu [19] . The results of this study suggest that it is possible that the BaCO 3 phase is transferred to Ba(OH) 2 phase above 420
• C, and remains up to 640
• C, at which point it begins to react with other oxides to form the Y123 phase. In a low humidity environment, the barium-containing phase usually experiences the formation of Ba(OH) 2 ·xH 2 O at a temperature below 400
• C. BaCO 3 phase forms at an intermediate temperature. The YBCO phase appears and becomes stable at a temperature above ∼700
• C. But in a high humidity situation, BaCO 3 phase forms at a temperature near 400
• C. It then reacts with water to form Ba(OH) 2 , a melting phase, at an intermediate temperature. At high temperatures above 700
• C, this liquid phase reacts with other oxides to form YBCO. The key reactions are summarized below [19] . With regard to the orientation of the YBCO grains, the only possibility for the growth of c-axis oriented grains is to suppress a-axis oriented grains. In the TFA method, the BaF 2 phase could be stable up to ∼700
• C, below which the formation of YBCO phase is difficult. This means that the formation of a-axis oriented YBCO grains (usually below 700
• C) is circumvented due to limited barium source. In a non-fluorine route, we expect the formation of BaCO 3 , though it may not be as stable as that of BaF 2 . However, we believe that there is a substantial amount of liquid phase, Ba(OH) 2 , that exists up to 700
• C near which the formation of YBCO is possible. Under a low water partial pressure, YBCO phase forms in a relatively lower temperature range from BaCO 3 with a-axis orientation.
Another factor that affects the orientation of the grains is the heating rate. It has been found that slow heating during the heating up between 450-700
• C could induce the crystallization of second phases such as BaCO 3 , BaCuO 2 , Y-Cu-O which will segregate the precursor film and reduce the driving force for YBCO formation. Therefore a relatively high heating rate up to 40
• C min −1 is preferred to avoid the formation of a-axis grains.
Conclusion
In summary, we have deposited YBCO thin films on LAO substrate using a new, fluorine-free sol-gel approach. It has been found that the precise stoichiometry of the precursor solution is critical in achieving high-quality YBCO thin films. Both XRD and SEM results have shown that these sol-gel YBCO films on LAO exhibit biaxial texture. Our previous studies have shown a J c of the order of 10 6 A cm −2 at 77 K from these fluorine-free sol-gel YBCO films. It is found that the BaCO 3 phase can be converted to Ba(OH) 2 phase above 420
• C. Near 640
• C, this barium-containing phase reacts with other oxides to form the Y123 phase. The a-axis oriented YBCO grains can be suppressed by a high heating rate to avoid the crystallization of second phases.
